Abstract-A series of polycrystalline samples were prepared by in situ reaction of Dy 2 O 3 (0.5-5.0 wt.%) with Mg + B. While the superconducting transition temperature, c remained largely unchanged, the intragrain distribution of nano precipitates of DyB 4 and MgO led to strong enhancement in critical current density, c at lower field below 4 T. The best sample (with only 0.5 wt.% Dy 2 O 3 additions) had a c (1 T) of around a factor of 4 higher compared to the pure sample at 6 K and 20 K indicating improved connectivity and pinning. On the other hand, ex situ Ni-sheathed tapes fabricated from the Dy 2 O 3 added powders exhibited critical current, c (4.2 K) superior to those made from pure MgB 2 powders at higher field above 3 T. The former also showed lower anisotropy in c with respect to field direction.
I. INTRODUCTION
W ITH a superconducting transition temperature, of 39 K [1] , applications in the temperature window of 20-26 K are of particular interest for MgB . The reduced weakly linked grain boundary [2] is another additional advantage for MgB in which high can be achieved without strongly depending on texturing. One of the desirable applications is to make superconducting coils for MRI (Magnetic Resonance Imaging) device. Apart from the low cost availability of both Mg and B powders, feasibility of tapes and wires production employing the powder-in-tube (PIT) method has also been successfully demonstrated [3] - [5] . The ex situ PIT method offers an alternative to fabricate tapes with much reduced heat treatments which are needed to recover after mechanical deformation [6] and also to establish better grain connectivity [7] . It has been reported that ex situ tapes without further heat treatment can even show high self field . Also, an anisotropy in measured in ex situ tapes implies that some degree of texturing is possible via cold working [9] , [10] .
Among the numerous dopants employed so far (Y O [11] , nano-Si [12] and SiC [13] additions), oxide phase additions [11] have been demonstrated to increase significantly with only a marginal reduction in . Oxide nano-phases have great potential to act as pinning centers but only if they are of the correct size and distribution, namely if they are incorporated within the grains and not at the grain boundaries which will deteriorate grain connectivity. In this work, we explore the effectiveness of Dy O additions in enhancing intragrain pinning without degrading the grain boundaries. Results from both bulk samples and ex situ Ni-sheathed tapes are presented.
II. EXPERIMENTAL
The starting powders were crystalline magnesium (99.8%, 325 mesh) from Alfa Aesar, amorphous boron (95-97%) from Fluka, and 1-3 sized Dy O (99.99%) from Reacton. 0.5-5.0 wt.% of Dy O were well mixed with Mg + 2B by hand grinding and pressed to pellets. The pellets, together with some excess Mg shavings were then wrapped with Ta foil and sintered at 900 for 15 min. using heating and cooling rates of 15 min. Ex situ tapes were prepared using the PIT method. Reacted powder was filled in a nickel tube with outer and inner diameter of 12 mm and 6 mm. Tapes were obtained after several steps of drawing, groove rolling and finally flat rolling. The tapes were heat treated between 900
and 1000 for about 20 min. Phase formation was checked by X-ray powder diffraction (XRD). Scanning Electron Microscope (SEM) was used to observe the tape cross section. High resolution transmission electron microscopy (TEM) was undertaken on thinned samples using a JEOL 4000EX MK II microscope operating at 400 kV. Room temperature resistivity measurements were carried out according to the standard four point method. Transport critical current measurements were performed at Grenoble High Magnetic Field Laboratory. and are determined by using a commercial Quantum Design DC Magnetic Properties Measurement System (MPMS-XL). Magnetic critical current density was estimated based on the critical state model.
III. RESULTS

A. Polycrystalline Bulk
XRD data shows that MgB is always the main phase observed in all the samples. was found in increasing amounts with increasing Dy O additions showing that not all the Dy O underwent complete reaction with B. Rietveld refinements revealed that and -axes did not change much with Dy O addition except for the 5 wt.% Dy O added sample which showed a slight increase in . The -and -axes for undoped sample are (3.0846 0.0004) and (3.5253 0.0003), respectively, and these are (3.084 0.001) and (3.526 0.001) for the 5 wt.% Dy O added samples. More details are given elsewhere [14] .
Bright-field TEM imaging of a 0.5 wt.% Dy O added sample shows the distribution of nano-sized ( 10 nm) precipitates of DyB and MgO inside the MgB matrix [14] . Some larger precipitates of the same kind with the size of 70 nm were also observed in other regions of the sample. The nano sized precipitates can act as effective pinning centers. Fig. 1 shows the temperature dependence of normalized susceptibility of the pure and Dy O added samples. remains largely unchanged at 38 K. However, the 5 wt.% Dy O sample showed a slightly reduced of 37.5 K. As mentioned above, the -axis for this sample was also marginally higher. These two findings suggest that some perturbation of the lattice structure occurred at higher additions level.
As shown in Fig. 2 , except for the 0.5 wt.% sample, the room temperature resistivity was reduced with Dy O additions. This trend was reproduced in a second batch of samples. The reduction in can be explained by the presence of excess Mg (Mg is in excess because B is effectively deficient-it reacted with some Dy. This is supported by the formation of DyB as shown by XRD) [14] . The amount of unreacted Mg is small enough so as not be detectable by X-ray diffraction. Fig. 3 shows the field dependence of the magnetic critical current density measured at 6 K and 20 K.
is increased with Dy O additions especially in the low field region indicating improved connectivity and pinning. The best result is achieved for the 0.5 wt.% Dy O additions. was slightly degraded by further additions although it was still higher than the pure sample.
(1 T) at 6 K and 20 K of the 0.5 wt.% sample was increased by a factor of more than 4 compared to the pure sample, i.e. and for the 0.5 wt.% added and pure samples, respectively. At 20 K and 1 T, is for the 0.5 wt.% Dy O added sample, comparable to the HIP'ed [12] and nano-Si doped [12] samples.
B. Ex-Situ Ni-Sheathed Tapes
A SEM image of cross section of the ex situ Ni-sheathed tapes fabricated from the 0.5 wt.% Dy O added MgB powder is shown in Fig. 4(a) . The overall cross section of the tape is about with superconducting filling factor of about 18%. It can be seen that the superconducting core is surrounded by thick Ni sheath and no sausaging effect is apparent. Fig. 4(b) shows the reaction region between the core powder and Ni sheath. As the tapes were heat treated, the reaction region (about 2.3% of the thickness of Ni sheath) is clearly observed.
's of the pure MgB and Dy O added ex situ Ni-sheathed tapes measured at magnetic field up to 10 T at 4.2 K are shown in The anisotropy in for the different field directions become obvious for pure MgB tapes at field 2 T and 5 T for the Dy O added tapes, respectively. Besides, the pure MgB tapes show larger anisotropy of compared to the latter. Such anisotropy in may originate from some degree of texturing in the tapes induced during cold working [9] , [10] . In contrast to the in situ bulk samples, ex situ tapes fabricated from the reacted 0.5 wt.% Dy O added powder show degraded at low field ( 3 T) but outperforms the pure MgB tapes at higher field of 3 T (Fig. 5) . The enhancement in is also indicated by the plot in Fig. 6 . Since all the tapes have comparable cross section area, the pinning strength given by also corresponds to pinning force, i.e.
. At 4 T (field applied perpendicular to the tape plane), the 0.5 wt.% Dy O added tapes show pinning strengths of about 300 AT while this is only about 100 AT for the pure MgB tapes.
The results show the potential of oxide phase for pinning enhancement. It is expected that can be further increased by optimizing the tapes fabrication procedures and heat treatments. 
IV. SUMMARY
Small amount of Dy O additions into in situ reacted MgB has been shown to increase significantly, particularly at low field ( 4 T) indicating improved connectivity and pinning while maintaining . Nano-scale precipitates of DyB and MgO were found to distribute within the grains. In contrast, ex situ Ni-sheathed tapes fabricated from the reacted Dy O added powder exhibited superior (4.2 K) compared to the pure MgB at higher field 3 T. The former also showed lower anisotropy of .
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